A Consistent model of Electroweak data including $Z\to b\overline{b}$
  and $Z\to c \overline{c}$ by Agashe, K. et al.
ar
X
iv
:h
ep
-p
h/
96
04
26
6v
1 
 9
 A
pr
 1
99
6
September 13, 2018
LBL-38569
A Consistent model of Electroweak data including Z → bb
and Z → cc ∗
K. Agashe†, M. Graesser ‡ §, Ian Hinchliffe¶, M. Suzuki
Theoretical Physics Group
Ernest Orlando Lawrence Berkeley National Laboratory
University of California
Berkeley, California 94720
Abstract
We have performed an overall fit to the electroweak data with the
generation blind U(1) extension of the Standard Model. As input data
for fitting we have included the asymmetry parameters, the particle decay
widths of Z, neutrino scattering, and atomic parity violation. The QCD
coupling αs has been constrained to the world average obtained from all
data except the Z width. On the basis of our fit we have constructed a
viable gauge model that not only explains Rb and Rc but also provides a
much better overall fit to the data than the Standard Model. Despite its
phenomenological viability, our model is unfortunately not simple from
the theoretical viewpoint. Atomic parity violation experiments strongly
disfavor more aesthetically appealing alternatives that can be grand uni-
fied.
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The observation at LEP[1] that the decay widths of the Z to bb and cc
do not agree with the Standard Model expectations [2] has led to a flurry of
theoretical activity [3, 4, 5, 6, 7, 8]. Various possible explanations have been
considered. Most of these explanations suffer from at least one defect. Either
they do not present a complete phenomenologically viable model or they present
an overall fit that ignores some other experimental data. In this paper we present
a model that, while aesthetically distasteful, is phenomenologically viable and
has a much better overall fit to data than the Standard Model. As input data we
use the various asymmetries and partial widths as measured on the Z resonance
as well as other data that are constraining.
First, we describe the philosophy of our model. Couplings of the Z to
leptons are severely constrained by the current data, so we modify only the
couplings to quarks. We modify the couplings in a generation independent
fashion and demonstrate the modifications needed to obtain a good fit to the
data. This fit is quantified in terms of the total χ2. We next show that a
model involving the mixing of the Z with a second more massive boson can be
constructed. The model is not supersymmetric and requires the existence of new
quarks to ensure anomaly cancellation. Finally we comment on the constraints
that the non-observation of such particles and the new gauge boson itself place
on the model and conclude.
It is important that any model that purports to explain the problems in
the bb and cc decay widths of the Z does not introduce problems with other
processes. Quantities that are measured precisely at the Z are [1], the mass of the
Z, the forward-backward asymmetry for leptons (AℓFB), for charm (A
c
FB) and for
bottom (AbFB) quarks; the asymmetries measured in tau decay (Aτ and Ae), the
total width of the Z (ΓZ), the hadronic production cross section (σ
0
h), the ratio of
the hadronic to leptonic width (Rℓ), the fraction of the hadronic width that goes
into charm quarks (Rc) and bottom quarks (Rb); as well as the left-right beam
polarization asymmetry (ALR) and left-right forward-backward asymmetries for
charm (Ac(LR)) and bottom quarks (Ab(LR)) [9]. In addition there are other
important pieces of data. The first of these is αs that we constrain to be equal
to the world average [10] obtained from all data except the Z width; we include
the measurements from jet counting at the Z [11] since these measurements
are independent of the couplings of the quarks to the Z itself. Very important
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are data from lower energy experiments, particularly the measurement of parity
violation in cesium (QCsW ) [12] and thallium (Q
T l
W ) [13] atoms which severely
constrain the vector couplings of the Z to up and down quarks. The W mass
(MW ) [14] severely constrains any shifts in the gauge boson mass spectra and
finally measurements from neutral current interaction of neutrinos [15] constrain
the couplings of up and down quarks to the Z at lower energies. We shall include
all of these data in our fit. Models that can be favored by the Z data alone are
disfavored when the rest of the data are included.
The measured values of Rb = 0.2219 ± 0.0017 and Rc = 0.1540 ± 0.0074
deviate by 3.67σ and 2.46σ, respectively, from the Standard Model predictions.
The value of Rc is 10% lower than the Standard Model value. It is difficult to
explain these discrepancies by models based on radiative corrections [3]. Since
Rq ∝ gq2L + gq2R , where gqL(R) is the left-handed (right-handed) coupling of the
quark to the Z boson, we need shifts in these couplings due to new physics to
resolve the Rb and Rc anomalies. If the new physics affects only the b and c
quark couplings, such shifts are difficult to reconcile with the otherwise good
agreement with the Standard Model for the following reason. Since the QCD
corrections to the partial decay widths cancel to good accuracy in Rb and Rc, a
shift in Rb and Rc changes the total hadronic decay rate into
Γhad = Γ
0
had ×
(
1 +
αs(MZ)
pi
+O(α2s)
)
×
(
1 +
δRb + δRc
1−RSMb − RSMc
)
, (1)
where δRb ≡ Rexpb − RSMb , δRc ≡ Rexpc − RSMc , and Γ0had denotes the Standard
Model value of Γhad before the QCD correction. With αs(MZ) = 0.12, this
change would shift ΓZ by −11σ from the measured value and, in terms of Rl,
by −14σ. If instead αs(MZ) is extracted by fitting Γhad to its measured value,
αs(MZ) would have to be 0.186± 0.042, in disagreement with the world average
of 0.118 ± 0.003. A natural resolution of this problem involves postulating the
new physics for other quarks too. In particular, if the new physics is generation
blind, the model is free from the fine tuning problem of flavor changing neutral
currents, which is a common difficulty in the class of models [5, 6] that introduce
new physics only in the heavy generations.
The simplest way to accommodate these features is to add another U(1)
factor to SU(2) × U(1)Y of the Standard Model [5, 7, 8]. Mixing between the
gauge boson X of this extra U(1) with the Z boson of the Standard Model can
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produce the shifts in the Zqq¯ couplings that are necessary to explain Rb, Rc and
αs. The most general generation-blind U(1)X current that is consistent with
SU(2)× U(1)Y can be written as
JµX = gX(qQQγ
µQ + qUUγ
µU + qDDγ
µD + qLLγ
µL+ qEEγ
µE + · · ·), (2)
where Q and L represent the left-handed quark and lepton doublets, and U ,
D and E are the right-handed up-type quarks, down-type quarks and charged
leptons, respectively. Summation over generations is understood, and the con-
tributions from particles other than those of the Standard Model have been
suppressed. Since U(1)X charges always enter multiplied by gX , we normalize
them to qQ = −1 so that five parameters, gX and four charge ratios, specify
the U(1)X current. The Z − X mixing occurs by Higgs doublets that carry
U(1)X charges. We assume that there is no higher dimensional Higgs multiplet
of SU(2). Then the mass matrix may be written as
M2 =

 14g2Zv2 κgZgXv2
κgZgXv
2 g2XV
2
X

 (3)
where gZ = g2/ cos θW with g2 being the SU(2) coupling and v
2 = (
√
2GF )
−1 if
the tree level expression for the W mass is unchanged. The gauge eigenstates
(Z,X) are related to the mass eigenstates (ZM , XM) by
Z = ZM cosα−XM sinα
X = XM cosα + ZM sinα
(4)
where tan 2α = −2κgZgXv2/(g2XV 2X − g2Zv2/4). The coupling of the Standard
Model quark of flavor i to the Z gauge boson is given by Jµ = gZqi(qγ
µq) with
qi ≡ (T3L − Q sin2 θW )i. The lighter mass eigenstate ZM is identified with the
experimentally observed Z boson. The mixing between Z and X shifts the
coupling to the observed Z from the Standard Model value by
δqi = (gX/gZ)qXi sinα + qi(cosα − 1), where qXi is the U(1)X charge of quark
i. If MX ≫ MZ , the mixing angle is given by sinα = −κgZv2/(gXV 2X) and
therefore δqi = −κqXi(v/VX)2. In this approximation there are two parameters
κ, VX for mixing and four U(1)X charge ratios that are fitted to the data. When
MX is comparable with MZ , exact diagonalization must be done and the gauge
coupling gX is included as an independent parameter.
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Since the Z gauge boson is not a mass eigenstate, the tree-level relation
M2Z = g
2
Zv
2/4 is no longer valid. However, the mass relation M2W = g
2v2/4 is
not affected. The shift in MZ can be expressed as a shift in the ρ parameter
[16] . Since the Z mass is measured more accurately than the W mass, we use
the W mass relative to the Z mass as experimental information in comparing
theoretical predictions with the data. The decrease in MZ is translated into an
increase in MW and a decrease in sin
2 θW . In the large MX approximation,
δM2W
M2W
= −δM
2
Z
M2Z
cos2 θW
cos2 θW − sin2 θW , (5)
δ sin2 θW
sin2 θW
=
δM2Z
M2Z
cos2 θW sin
2 θW
cos2 θW − sin2 θW , (6)
with δM2Z/M
2
Z = −(MX sinα/MZ)2.
Atomic parity violation experiments constrain the vector couplings of the
up and the down type quarks. For a heavy atom with atomic number Z and
neutron number N, these experiments measure the charge
QW = −2((2Z + N)C1u + (2N + Z)C1d), where C1q is defined in [17]. The
measured [12, 13] and predicted [18, 19] QW charges for cesium (Z=55, N=78)
and thallium (Z=81, N=124) are:
QW (Cs) = −71.04± 1.81, QW (Cs)SM = −73.14 (1.16σ)
QW (T l) = −114.2± 3.8, QW (T l)SM = −116.3 (0.55σ).
(7)
Both experiments agree on the sign of the difference between the measured value
and the Standard Model prediction. These measurements strongly constrain
any new physics that would further decrease the QW charge and hence limit the
values of the U(1)X charges the quarks can have.
We perform a minimum χ2 analysis fitting both the shifts in the vector and
axial couplings of Z and the shifts in MW and sin
2 θW to the 18 observables
discussed above. Although the SLD measurement [9] of ALR is inconsistent
with the LEP measurement, we find no reason to exclude either measurement
from the fit. Electroweak radiative corrections [15, 20] are incorporated in the
Standard Model values of these observables. For the Z − X mixing contribu-
tion to these observables, no radiative corrections are included. Although loop
corrections can generate kinetic energy mixing between Z and X , such mixing
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is equivalent to the mass mixing at any fixed q2. It makes a small difference
only when extrapolation is made to different q2 which is relevant when fitting
to the low-energy experiments. However, we checked that the Z − X kinetic
mixing parameters vary by a negligible amount over this range, and so we may
ignore the extrapolation in the U(1)X current. In the case of the low energy
parameters, we make only the Standard Model radiative corrections by running
from q2 = M2Z to q
2 = 0. In computing the electroweak radiative corrections,
we use αs = 0.118, mt = 175 GeV and 1/α(MZ) = 128.75. The new physics re-
quires a nonminimal Higgs sector. The radiative corrections due to Higgs loops
are numerically very small. Therefore we approximate the Higgs correction with
that of the Standard Model by choosing two values (100 GeV and 400 GeV) for
the Higgs mass.
In performing the fit we restrict to VX > 750 GeV (see later) and allow the
leptons to have arbitrary U(1)X charges. We diagonalize the Z−X mass matrix
exactly. The minimum χ2 is 16 forMH = 100 GeV and the preferred value of the
U(1)X charges of the leptons is zero. Setting these charges to zero, we have four
parameters. With fourteen degrees of freedom, our best χ2 is 16 for MH = 100
GeV and 15 for MH = 400 GeV. For comparison, the χ
2 for the Standard
Model is 30 for MH = 100 GeV. The U(1)X charges are qU = 2.47 ± 0.33 and
qD = 1.17±0.46 forMH = 100 GeV, and qU = 2.19±0.69 and qD = 0.905±0.42
for MH = 400 GeV. The errors correspond to χ
2 = χ2min + 1. See Table 1 for
the experimental and fitted values of the observables.
We now build a model based on our analysis. Since the leptons carry no
U(1)X charge, there are three logical possibilities in constructing a two-doublet
Higgs model: (1) qU = 2qL − qD; (2) qU = qQ; and (3) qD = qQ. We note that
the fitted U(1)X charges are inconsistent with these possibilities. If the atomic
parity violation data are excluded, only case (3) is favored by the remaining
data; the χ2 is 19 (17) for mH = 100 (400) GeV and for 13 degrees of freedom
(for comparison, the χ2 for the Standard Model without these data is 28 for
16 degrees of freedom). When the atomic parity violation data are included
the χ2 is 28 for 15 degrees of freedom. As we see no basis for ignoring these
data, qQ = qD is not feasible and we must introduce three Higgs doublets.
Anomaly cancellation is challenging and requires many more fermions than in
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the Standard Model. 1
A model looks more natural if the U(1)X charge ratios are rational numbers.
Though this is by no means a requirement, we restrict to this possibility. We
find that the fitted charges can accommodate such a choice: qQ = −1, qU = 2
and qD = 1. Three Higgs doublets Hu, Hd and Hl are introduced to give masses
to the up quarks, down quarks and leptons. Their U(1)X charges are qHu = −3,
qHd = −2 and qHl = 0. Since the U(1)X charges of the Standard Model fermions
are not vector-like, the U(1)X gauge symmetry is anomalous and new quarks
must be added to cancel the anomalies. We add three generations of Standard
Model-like quarks with opposite U(1)Y and U(1)X charges: Q
′
L = (2, -1/6, 1),
U˜R = (1, -2/3, -2), D˜R = (1, 1/3, -1) under SU(2) × U(1)Y × U(1)X . These
new quarks, in turn, generate anomalies under SU(2)× U(1)Y and their chiral
partners must be added to make SU(2)×U(1)Y vector-like: Q′R = (2, -1/6, 0),
U˜L= (1, -2/3, 0), D˜L= (1, 1/3, 0). Since all of the added quarks are vector-like
under SU(2) × U(1)Y , there is no contribution to the S parameter [21]. Since
twelve quark flavors have been added to cancel anomalies, the QCD coupling is
no longer asymptotically free. Using the one-loop β function, we have checked
that the coupling remains perturbative up to the Planck scale.
The new quarks should be heavier than about 200 GeV to avoid detection
at Fermilab. They can acquire mass through the Higgs doublets:
λ1Q′LU˜RH
c
u + λ2Q
′
RD˜LH
c
l + λ3Q
′
LD˜RH
c
d + λ4Q
′
RU˜LHl, (8)
where the superscript c denotes charge conjugation. The masses generated by
these couplings should be of the order of the Standard Model quark masses.
To make the new quarks heavier, we must introduce additional singlet Higgs
couplings. These singlet Higgs fields break U(1)X at a scale larger than the
electroweak scale. Two Higgs singlets φ and φ′ are introduced with the U(1)X
charges qφ = −1 and qφ′ = −2 so that the new quarks acquire mass through
λ5Q′RQ
′
Lφ+ λ6U˜RU˜Lφ
′ + λ7D˜RD˜Lφ (9)
1Recently Babu et al [8] proposed supersymmetric U(1) extension models for Rb and Rc.
To accommodate supersymmetry qQ = qD was imposed on all models. The good χ
2 that
they obtained with qQ = qD is mainly due to the neglect of atomic parity violation. If atomic
parity violation is taken into account, the χ2 of their models would be much larger. One of
their models is specially attractive since it can be embedded into the E(6) grand unified model.
With atomic parity violation, however, the χ2 is only slightly better than the Standard Model.
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Observables Measured value Fit Model Fit Model
MH = 100 GeV MH = 400 GeV
ΓZ(GeV) 2.4963± 0.0032 2.500 2.501 2.499 2.500
Rℓ 20.788± 0.032 20.76 20.78 20.76 20.78
σ0h(nb) 41.488± 0.078 41.46 41.45 41.45 41.44
Rb 0.2219± 0.0017 0.2200 0.2195 0.2210 0.2205
Rc 0.1540± 0.0074 0.1642 0.1649 0.1626 0.1634
AbFB 0.0997± 0.0031 0.1043 0.1044 0.1017 0.1013
Ab(LR) 0.841± 0.053 0.9284 0.9297 0.9285 0.9281
AcFB 0.0729± 0.0058 0.0784 0.0775 0.0766 0.0757
Ac(LR) 0.606± 0.090 0.698 0.690 0.699 0.693
Aτ 0.1418± 0.0075 0.1497 0.1497 0.1461 0.1456
Ae 0.1390± 0.0089 0.1497 0.1497 0.1461 0.1456
ALR 0.1551± 0.0040 0.1497 0.1497 0.1461 0.1456
AℓFB 0.0172± 0.0012 0.0169 0.0169 0.0161 0.0159
QW (Cs) −71.04± 1.81 −70.74 −71.78 −71.03 −71.36
QW (T l) −114.2± 3.8 −113.0 −114.7 −113.5 −114.0
g2L 0.2980± 0.0044 0.300 0.300 0.3007 0.3004
g2R 0.0307± 0.0047 0.0279 0.0274 0.0269 0.0274
MW (GeV) 80.33± 0.15 80.43 80.43 80.38 80.37
χ2 16 17 15 16
Table 1: Experimental [1, 9, 12, 13, 14, 15] and fitted values of observables.
Correlations between the data were included in the fit. Column labeled “Fit”
shows fitted values of observables for arbitrary U(1)X quark charges (14 d.o.f.).
Column labeled “Model” gives fitted values for the model discussed in the text
(16 d.o.f.). All fitted values are for gX = 0.15. The χ
2 for the Standard Model
is 30 (18 d.o.f.) for MH = 100 GeV.
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When contribution of Eq.(9) is much larger than that of Eq.(8), the new quarks
are nearly degenerate and a shift in the T parameter [21] is negligible.
Since five Higgs fields (Hu, Hd, Hl, φ and φ
′) develop vevs, we must ensure
that they do not result in an unabsorbed Goldstone boson or an axion. We
introduce self-interactions among the Higgs multiplets to eliminate accidental
global symmetries that may break down spontaneously. Since two neutral gauge
bosons of SU(2)×U(1)Y ×U(1)X absorb two Goldstone modes, we add appropri-
ate interactions among Higgs fields to give mass to the three remaining modes.
The following couplings suffice:
λ8φ
2φ′c + λ9H
c
uH
c
l φφ
′ + λ10HdH
c
l φ
′c (10)
The new quarks can be 3 or 3¯ of SU(3). If (Q′, U˜ , D˜) are assigned to color
triplets, there is an accidental discrete symmetry, Q → Q, Q′ → −Q′ etc.,
that prevents the lightest new quark from decaying. Then the lightest baryonic
bound state of the new quarks might be abundant enough to have been detected
in exotic matter searches [22]. When they are assigned to color antitriplets, we
can introduce another scalar singlet φ˜ and allow the new quarks to decay into Q
and φ˜ through the coupling QQ′φ˜. However, the following mass terms are then
allowed by the gauge symmetries:
M1Q
T
LCQ
′
L +M2U
T
RCU˜R +M3D
T
RCD˜R, (11)
where C is the charge conjugation matrix. These terms result in mixing between
the Standard Model quarks and the new quarks. They may be forbidden by
imposing the discrete symmetry mentioned above. We assign an odd parity to
φ˜ under this symmetry to maintain the QQ′φ˜ coupling. Since φ˜ is a singlet
carrying no U(1)Y or U(1)X charge and is stable, it can escape detection in
terrestrial experiments. The φ˜ particle could have been produced in the early
Universe and could contribute to the mass density. The mass and coupling of φ˜
can be adjusted so that it does not overclose the Universe [23].
We now examine the property of the X boson in our model and some of its
phenomenological implications. The parameter κ in the Z −X mass matrix is
given by
κ =
2v2d − 3v2u
2v2
, (12)
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Fields SU(3) SU(2) U(1)Y U(1)X
QL 3 2 1/6 -1
UR 3 1 2/3 +2
DR 3 1 -1/3 +1
Q′L 3¯ 2 -1/6 +1
U˜R 3¯ 1 -2/3 -2
D˜R 3¯ 1 +1/3 -1
Q′R 3¯ 2 -1/6 0
U˜L 3¯ 1 -2/3 0
D˜L 3¯ 1 +1/3 0
Hu 1 2 -1/2 -3
Hd 1 2 +1/2 -2
Hl 1 2 +1/2 0
φ 1 1 0 -1
φ′ 1 1 0 -2
φ˜ 1 1 0 0
Table 2: SU(3) × SU(2) × U(1)Y × U(1)X quantum numbers for matter fields
in our model.
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where 〈Hu〉 = vu/
√
2, 〈Hd〉 = vd/
√
2 and 〈Hl〉 = vl/
√
2 with√
v2u + v
2
d + v
2
l = v = 247 GeV. Introducing 〈φ〉 = V/
√
2, 〈φ′〉 = V ′/√2 and
5V˜ 2 ≡ V 2 + 4V ′2, the parameter V 2X is given by 5V˜ 2 + 9v2u + 4v2d. Assuming
v2l ≪ v2, the parameters to be fitted are gX , κ and V˜ . If the Yukawa couplings
appearing in Eq.(9) are O(1), the vevs V and V ′ should be greater than v so
that the new quarks are heavier than the Standard Model quarks. This implies
a lower limit V˜ ≥ 250 GeV (or equivalently VX ∼> 750 GeV) that is imposed
in performing the fit. We restrict gX ≥ 0.1 to guarantee MX > MZ . Since the
charges of the up quarks under U(1)X are large, we restrict gX ≤ 0.5 to ensure
that the coupling strength of theX boson to up quarks (g2L+g
2
R)g
2
X/4pi = 5g
2
X/4pi
remains perturbative.
We now discuss a fit to the 18 observables using MH = 400 GeV. Diago-
nalizing the mass matrix exactly (which gives the mass of the X boson) in this
model gives χ2 = 16, V˜ = 340 GeV, and κ = −0.05 for gX = 0.15 fixed. The χ2
is not very sensitive to gX . The χ
2 increases by 1.5 if gX is varied between 0.1
and 0.5. With gX = 0.15 fixed, the 90% (95%) C.L. range for V˜ is 250 GeV to
980 GeV (250 GeV to 1200 GeV) and the 90% (95%) C.L. range for κ is -0.01
to -0.18 (-0.01 to -0.23). The allowed range for κ is -1.5 to 1. Therefore κ must
be fine tuned to within 6.8 (8.8) %.
The mass of the X boson depends on κ, V˜ and (almost linearly) on gX . For
small κ, M2X ≃ g2X(5V˜ 2 + 6v2). The 90% (95%) C.L. range for MX is from 125
GeV to 341 GeV (125 GeV to 412 GeV) for gX =0.15 and MH = 400 GeV. For
gX = 0.5 and MH = 100 GeV, the 90% (95%) C.L. range for MX is from 420
GeV to 820 GeV (420 GeV to 1070 GeV). The X boson can be produced in pp
collisions at the Tevatron and detected in the dijet final state. For gX = 0.15,
the expected production rate is considerably below the limit set by the CDF
group [24] for all values of V˜ . For gX = 0.5, the values of MX∼< 750 GeV
(V˜∼< 610 GeV) are excluded. For gX = 0.3, the region 320 GeV ∼<MX∼< 520
GeV is excluded.
To summarize, on the basis of an overall fit to all electroweak data we have
built a viable U(1) extension of the Standard Model. While the fit to data has
been greatly improved, the model lacks aesthetic appeal. The X boson may be
accessible by the experiments at Fermilab in the future.
10
K.A. and M.G. would like to thank Nima Arkani-Hamed and Chris Carone
for useful comments. The work was supported in part by the Director, Office
of Energy Research, Office of High Energy Physics, Division of High Energy
Physics of the U.S. Department of Energy under Contract DE–AC03–76SF00098
and in part by the National Science Foundation under grant PHY-90-21139.
Accordingly, the U.S. Government retains a nonexclusive, royalty-free license to
publish or reproduce the published form of this contribution, or allow others to
do so, for U.S. Government purposes.
References
[1] P.B. Renton, at the XVII International Symposium on Lepton and Photon
Interactions at High Energies, Beijing, China, August 10-15, 1995.
[2] For a review, see: K. Hagiwara, at the XVII International Symposium on
Lepton and Photon Interactions at High Energies, Beijing, China, August
10-15, 1995, hep-ph/9512425.
[3] J. Wells, C. Kolda and G. Kane, Phys. Lett. B338, 219 (1994); D. Garcia,
R. Jimenez, and J. Sola, Phys. Lett. B347, 321 (1995); J. Wells and G.
Kane, Phys. Rev. Lett. 76, 869 (1996); P. Bamert et al, hep-ph/9602438;
J. Ellis, J. Lopez, and D. Nanopoulos, hep-ph/9512288.
[4] E. H. Simmons, R. S. Chivukula, and J. Terning, hep-ph/9509392.
[5] B. Holdom, Phys. Lett. B339, 114 (1994).
[6] E. Ma, hep-ph/9510289; G. Bhattacharyya, G.C. Branco, and W. Hou,
hep-ph/9512239; C.V. Chang, D. Chang, and W. Keung, hep-ph/9601326.
[7] P. Bamert, hep-ph/9512445; G. Altarelli et al, hep-ph/9601324; P. Chiap-
petta et al, hep-ph/9601306.
[8] K. S. Babu, C. Kolda, and J. March-Russell, hep-ph/9603212.
[9] K. Abe et al, Phys. Rev. Lett. 75, 3609 (1995).
[10] I. Hinchliffe, Review of Particle Properties, Phys. Rev., 1996 (to appear).
11
[11] K. Abe et al Phys. Rev. D51, 962 (1995).
[12] M. C. Noecker, B. P. Masterson, and C. E. Wieman, Phys. Rev. Lett. 61,
310 (1988).
[13] P. A. Vetter et al, Phys. Rev. Lett. 74, 2658 (1995).
[14] J. Alitti et al, Phys. Lett. B240, 150 (1990); F Abe et al, Phys. Rev. Lett.
75, 11 (1995); K. Streets for the D0 Collaboration, at the 1996 Workshop
at Moriond on Electroweak Physics, March, 1996.
[15] K. Hagiwara et al, Z. Phys. C64, 559 (1994).
[16] M. Veltman, Act. Phys. Pol. B8, 475, (1977); M. Veltman, Nucl. Phys.
B123, 89 (1977).
[17] J. E. Kim et al, Rev. Mod. Phys. 53, 211 (1981).
[18] S. M. Blundell, J. Sapirstein, and W. R. Johnson, Phys. Rev. D45, 1602
(1992).
[19] V. A. Dzuba et al, J. Phys. B20, 3297 (1987).
[20] W.J. Marciano and A. Sirlin, Phys. Rev. D22, 2695 (1980); ibid D31, 213
(1985)(E); B.W. Lynn and R.G. Stuart, Nucl. Phys. B253, 216 (1985);
U. Amaldi et al, Phys. Rev. D36, 1385 (1987); D. C. Kennedy and B. W.
Lynn, Nucl. Phys. B322, 1 (1989).
[21] M. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990); G. Altarelli
and R. Barbieri, Phys. Lett. B253, 161 (1991).
[22] P.F. Smith and J.R.J. Bennett, Nucl. Phys. B149, 525 (1979).
[23] G. Steigman, Ann. Rev. Nucl. Part. Sci. 29, 313 (1979).
[24] F. Abe et al, Phys. Rev. Lett. 74, 3538 (1995).
12
